Abstract-Delivery of a strong electric shock to the heart remains the only effective therapy against ventricular fibrillation.
I t was shown a century ago that a strong electric shock can stop VF in dogs. 1 Fifty years later, it was confirmed in humans in open-chest 2 and transthoracic 3 defibrillation. In 1970, the idea of an automatic ICD was proposed. 4, 5 The recent clinical success of the ICD has been primarily driven by purely empirical studies. Despite significant research efforts, the basic mechanisms of defibrillation are not fully understood. Systematic investigation of the effects of strong electric shocks on the heart has been difficult, mostly because of the presence of shockinduced artifacts in any recordings obtained with conventional (electrical) electrophysiological recording techniques. These artifacts make it impossible to record for periods of up to tens of milliseconds after the shock. The recent application of fluorescent methods with voltage-sensitive dyes to cardiac electrophysiology has finally delivered a technique capable of recording transmembrane voltage changes during shocks that are free of electrical artifacts. These recordings can be obtained from a single site, 6 from several sites, 7 and from several hundred recording sites simultaneously. 8 We recently demonstrated that a monophasic defibrillation shock delivered from an internal defibrillation electrode produces an epicardial transmembrane polarization arranged in a heterogeneous polarity-dependent pattern, described as a VEP. 8 An anodal 10-ms shock, for instance, creates an area of negative polarization near the electrode and two areas of positive polarization on either side. A cathodal shock produced a similar pattern, but of opposite polarity. We have also demonstrated that after shock withdrawal, depolarization spread from depolarized to negatively polarized areas. We hypothesized that this heterogeneity in polarization and the subsequent spread of depolarization might be responsible for the failure of the shock to defibrillate, by creating the substrate for postshock dispersion of repolarization and reentry.
In 1946, Wiener and Rosenblueth 9 proposed a mechanism by which a reentry can be induced. They predicted "the initiation of a one-way wave by successive stimulation of two overlapping small regions of two dimensional system," (Reference 9, page 219, Figure 5 ) which may lead to a pattern of electrical activity similar to what is known now as a figure-8 reentry. This mechanism has been carefully explored both theoretically and in the chemical Belousov-Zhabotinsky reaction by Winfree, 10 who recognized in this electrophysiological mechanism the abstract concept of a point of singularity, which has long been known in physics and mathematics. The experimental protocol of inducing the point of singularity qualitatively similar to that of Wiener and Rosenblueth 9 was first successfully applied in the heart by Frazier et al, 11 who named this protocol cross-field stimulation, and the point of singularity was named by them the critical point. We will refer to the cross-field stimulation for inducing critical points 11 as the critical-point mechanism. As pointed out by Winfree, 10 a functional reentrant circuit presents an example of an abstract concept known in mathematics as a point of singularity. In fact, this is the only known example of this concept in electrophysiology. The term singularity refers to the impossibility of defining a value of a function at some unique point. The electrical activity of cardiac muscle can be described in terms of phase (), with ϭ0 being assigned to the onset of an AP and ϭ2 assigned to the fully repolarized state. In two dimensions, a point of phase singularity is defined as a point in which the following is true: ͛ L30 ជ ٌ⅐d ជ l 0, where Lϭ͉͛d ជ l ͉. We hypothesized that the VEP may contain a point that is surrounded by positively polarized (excited), nonpolarized (refractory), and negatively polarized (excitable) areas. Therefore, the phase in such a point will yield the above equation, and this point of phase singularity may be responsible for the initiation of reentrant activity.
We have therefore investigated the role of these mechanisms in the defibrillation process using a 256-site fluorescent recording system.
Materials and Methods
Langendorff-perfused rabbit hearts (nϭ12) were used in the present study. Detailed protocols have been previously published 8 and will be only briefly described. The intact heart stained with di-4-ANEPPS (Molecular Probes) was perfused via the aorta and kept in a temperature-controlled bath containing 15 mmol/L butanedione monoxime to avoid motion artifacts. Figure 1 shows the heart as it was seen by the imaging system. The red square in the left panel shows a typical field of view, which could be readjusted from 3ϫ3 to 25ϫ25 mm. The heart was stimulated by a bipolar electrode sutured to the LV apex at a basic cycle length of 300 ms. Shocks (nϭ202, 16.8Ϯ8 per heart) were delivered during the plateau phase of the ventricular AP by a clinical defibrillator (HVS-02, Ventritex) between the two modified coil electrodes (4007L, Angeion) shown in gray: one 9-mm coil inside of the RV and another 6-cm coil floating above the heart in the perfusate. Different shock waveforms were used (see Figure 1 ): in each, the first phase had a leading-edge voltage of 100 V, whereas the leading-edge voltage of the second phase was always of the opposite polarity and varied from 0 to 200 V. The duration of each phase was 8 ms. Nearly half of the shocks (55.4%, 112 of 202) resulted in extra beats, ventricular tachycardia, and/or ventricular fibrillation. Sustained episodes of VF were defibrillated with either monophasic or biphasic shocks. Both successful (nϭ12) and failed (nϭ19) defibrillation shocks were analyzed. The timing of shock delivery was set as previously described 8 : a mean activation time was defined in the field of view during basic cycle length activation, and then the S 1 S 2 coupling interval for the shock application was set to occur at a 50-or 100-ms delay from the mean activation time.
Fluorescence was excited by a semimonochromatic light source (520Ϯ45 nm) and collected at Ͼ610 nm by a 16ϫ16 photodiode array (C4675, Hamamatsu). Optical signals were amplified, filtered at 1 kHz, and sampled at a rate of 2 kHz with 12-bit resolution. Two hundred fifty-six high-quality optical recordings (peak-to-peak signal-to-noise ratio, 52Ϯ14 [meanϮSD]; 12 heartsϫ256 recordings) were acquired, in addition to conventional ECG records, aortic pressure traces, and the pacing and shock hardware triggers that were acquired for documentation and signal analysis purposes.
Data processing included several previously described computer algorithms implemented in software, developed by Igor Efimov, based on the LabVIEW environment (National Instruments). These algorithms automatically calculated activation, 12 repolarization, 13 and shock-induced polarization 8 maps, which were displayed as grayscale plots. Final publication quality color plots were produced using Origin 5.0 graphing software (Microcal Software).
Activation maps were reconstructed using a -(dF/dt) max algorithm. 12 This algorithm finds the maximum of the first derivative of the inverted fluorescence intensity (ϪdF/dt). The time of Ϫ(dF/dt) max was considered as the activation time point at the recording site from which the signal was acquired. Repolarization was calculated from the second derivative of the inverted fluorescence signal intensity and by locating the local maximum peak Ϫ(d 2 F/dt 2 ) max , which corresponds to the repolarization time point at the recording site. 13 Shock-induced polarization was calculated by subtracting signals recorded during the last basic beat APs from the signals acquired during the shock application. 8 Since the fluorescence signal cannot be absolutely calibrated with respect to the millivolt value of transmembrane voltage, we used a pseudo-millivolt calibration, based on the assumption that the normal AP recorded from every site has a 100-mV amplitude and a -85-mV resting potential. Figure 1 shows representative superimposed recordings from one of 256 recording sites (black square in left panel). Figure  2 shows a representative map of APs recorded from all 256 recording sites during a basic beat, superimposed with a recording during a shock (ϩ100/Ϫ50 V) applied at the plateau phase of the ventricular AP.
Results
The right panels of Figure 1 show superimposed optical recordings performed during 10 basic beats (control APs) and 10 applications of different waveforms for anodal (upper panel) and cathodal (lower panel) shocks, respectively. These recordings demonstrate that the recording site underwent either positive (upper) or negative (lower) polarization during the first phase of the shock relative to the preshock transmembrane potential. The magnitude of the polarization depended on both the polarity of the shock and the location of the recording site (see Figures 2 and 3) . Spatially, the polarization produced by the first phase was arranged in the VEP similar to our data reported for monophasic waveforms. 8 
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The second phase of the shock partially or fully reversed the polarization produced by the first phase in every recording site, in an amplitude-dependent fashion, for either shock polarity. However, there was a striking difference in the reversal of polarization, depending on the sign of the polarization produced by the first phase. In this example, Ͼ70 V was required to fully reverse the positive polarization (blue upper traces, Figure 1 ), whereas only Ն20 V was required to reverse the negative polarization (green and blue lower traces, Figure 1 ). Therefore, waveforms with a second-phase leading-edge voltage between 20 and 70 V (green traces in both upper and lower panels, Figure 1 ) produced a positive polarization nearly everywhere throughout the field of view (middle map, Figure 3 ). Waveforms with a second-phase leading-edge voltage either weaker than 20 V or stronger than 70 V created a highly heterogeneous polarization pattern, with the simultaneous occurrence of positive (red) and negative (blue) polarizations (left and right maps, Figure 3) . We reconstructed isochronal activation maps of postshock beats resulting from VEPs by using the Ϫ(dF/dt) max technique. 13 Figure 4 shows a typical pattern of activation and selected optical recordings of a postshock reentrant beat. This pattern of activation was reproduced in all 12 hearts. The upper left panel shows the transmembrane voltage distribution at the end of a ϩ100/Ϫ200-V biphasic shock, applied during the plateau phase of an AP. The area of the recordings and the location of the electrodes were the same as in Figure 1 (red box). Tissue located close to the electrode underwent a strong depolarization, which decreased with distance from the electrode in the superior direction (red, Figure 4 ), whereas the lateral area underwent negative polarization (blue, Figure 4 ), which also decreased in the superior direction. The circle (Figure 4) indicates a point of shock-induced phase singularity.
Tissue in the lower left quadrant of the field of view was strongly depolarized, whereas the tissue in the lower right quadrant was negatively polarized, restoring excitability in that area. As shown in the eight superimposed optical recordings in the lower left corner of Figure 4 , the depolarized area excited the negatively polarized areas (see red arrow and corresponding traces). First, this excitation was transmitted electrotonically, via a mechanism similar to the "break" excitation described by Roth, 14 through the narrow isthmus between the areas that were strongly negatively polarized and those that were strongly depolarized (slow-rising, low-amplitude, decaying responses in the first four red traces in the postshock time window). This functional isthmus was formed by cells that were put into different phases of refractoriness by the shock. Thus, the electrotonus first activated the excitable negatively polarized area (presumably containing reactivated sodium channels), resulting in fast propagation with full-amplitude APs (last four black recordings).
At the same time, the upper half of the field of view demonstrated unidirectional conduction block in the left-toright direction (thick black line in the upper middle panel). The lower driving force provided by the upper left depolarized area was unable to activate the less negatively polarized area in the upper right panel. Activation in this area followed the restoration of the resting potential from the lower right area (see blue arrow in traces in lower right and upper middle panels). The upper right panel demonstrates the continuation of the reentrant activity, from right to left, in the upper half of the field of view. In addition, as seen in the lower right corner of this panel, an additional activation wave front spread from an area below the field of view. This indicates that additional phase singularities may have been induced by the shock in areas beyond our field of view. Figure 5 presents postshock maps of activation recorded from a field of view (15.5 mmϫ15.5 mm) larger than that in Figure 4 . The maps in the lower middle and right panels demonstrate that, indeed, there are two reentrant circuits formed at one side from the electrode. This finding was observed in both of two different experiments performed with a larger field of view (15.5ϫ15.5 mm) after a total of five shocks. The spatial pattern of polarization at the end of the shock produced by a monophasic shock (ϩ100 V, 7th ms of an 8-ms shock), optimal biphasic shock (ϩ100/Ϫ50 V, 15th ms of 16-ms shock), and nonoptimal biphasic shock (ϩ100/ Ϫ200 V, 15th ms of 16-ms shock). Figure 2 shows the data used for calculating the middle map of this figure. The area of recordings (11.5 mmϫ11.5 mm) is shown by the red box. Values of polarization are shown relative to the preshock transmembrane voltage, with red assigned to positive polarization, blue to negative polarization, and white to areas of no polarization. RA and LA indicate right and left atrium, respectively; BE, bipolar electrode. Figures 4 and 5 were confirmed in all 12 hearts. A total of 38 of 112 shocks resulted in extra beats and/or arrhythmias. Of these, 31 shocks were applied at 102Ϯ12 ms from the upstroke, and 7 shocks were applied at 50Ϯ7 ms from the upstroke.
The results shown in
The above data were obtained with shocks applied during the plateau phase of a normally propagating AP. In order to demonstrate that the same underlying mechanism is involved in defibrillation, we analyzed 19 unsuccessful defibrillation shocks (nϭ6 hearts). Fibrillation was induced by shocks applied as described before, during the plateau phase of the AP. Figure 6 shows the activation pattern recorded during one of these shocks. The lower left map shows the spread of activation during the last beat of VF, before the defibrillation attempt. Conduction was slow and emerged from several foci at the same time (white areas). Trace F (fluorescence) shows that during fibrillatory electrical activity, the transmembrane potential did not reach either full depolarization or resting potential; therefore, there was no excitable gap. Recordings in none of the 256 channels demonstrated the presence of an excitable gap. A cathodal monophasic shock (Ϫ150 V) produced a virtual electrode polarization pattern similar to the one shown in Figure 4 , with positive polarization near the electrode and negative polarization on both sides (not shown). The middle activation map (isochrones 1 ms apart) shows that activation spread rapidly in the right half of the field of view, near the electrode. Then it spread to the left in the upper half, whereas it was blocked in the lower half. Activation then spread downward, completing the reentrant cycle. The point of phase singularity is shown with a red circle. Similar results, with clear evidence of the occurrence of a phase singularity followed by reentry, were observed in 14 of 19 unsuccessful defibrillation shocks. A phase singularity was also created in 2 of 12 successful defibrillation shocks. However, in these cases, reentry persisted for only one and three beats, respectively. If the postshock arrhythmias lasted more than three beats, the shock was considered unsuccessful. In two hearts, we were unable to defibrillate with any shocks, and these experiments were terminated. 
Discussion
Lewis 15 suggested in 1925 that fibrillation has a reentrant nature and that the difference between fibrillation and tachycardia is that the reentrant pattern in tachycardia is repeated accurately, whereas in fibrillation it is not. Our findings demonstrate that in the rabbit heart VF may be initiated via the mechanism of virtual electrode-induced phase singularity. This leads to the creation of multiple reentrant circuits that compose the fibrillatory substrate. The failure to defibrillate in our experiments also occurred via the virtual electrode-induced phase-singularity mechanism.
Two main hypotheses have previously been proposed to explain the mechanisms of defibrillation: the CM hypothesis 16 -18 and the ULV hypothesis. 19 The first hypothesis suggests that a critical amount of tissue is required to sustain fibrillation. Two underlying mechanisms have been proposed to support the CM hypothesis: statistical and dynamic. Both postulate that VF must be extinguished in a significant portion of the myocardium but that the remaining fibrillatory activity will self-terminate. The statistical CM hypothesis 20 postulates that a critical number of wavelets is required to sustain fibrillation, because of the statistical nature of their birth and death. 17 The dynamic CM hypothesis is based on the observation that some critical amount of tissue is required to support even a single reentry, which may evolve indefinitely long in a nonstationary fashion if provided with sufficient space. 21, 22 In contrast to these hypotheses, the ULV hypothesis postulates that VF must be extinguished everywhere throughout the heart. To succeed, a critical voltage gradient (named the upper limit of vulnerability) has to be reached everywhere in order to fully extinguish VF and not reinduce VF via a critical-point mechanism. 23 The primary area of disagreement between the two theories is not in the mechanism of defibrillation but in the understanding of the mechanisms of the failure to defibrillate.
The concept of virtual electrode-induced phase singularity was clearly visualized in our experiments. The map of transmembrane potential shown in the upper left panel of Figure 4 can be interpreted in terms of the phase of the electrical activity. Full depolarization shall be assigned phase ϭ0 but ϭ2 if the full repolarization is reached. The transmembrane voltage shown can then be translated into a phase value by using additional information about dV/dt. The sign of dV/dt is needed to distinguish phases corresponding to the activation (dV/dtϾ0) from phases corresponding to the repolarization (dV/dtϽ0). The area marked with a black circle ( Figure 4 ) contains a point that yields the mathematical definition of a phase singularity, known also as a critical point, which has been previously demonstrated to result in reentrant activity. 23 However, the mechanism of creating phase singularities and reentry in the present study is significantly different from that in the critical point concept as described by Frazier et al. 23 Indeed, the repolarization map of the last basic beat, shown in the upper middle panel of Figure 5 , shows that the repolarization gradient is directed from apex to base and that the polarization gradient is pointed from left to right. According to the critical point mechanism, one would expect only the upper phase singularity to be formed by the shock, because this is the only site at which an appropriate cross-field pattern between repolarization and electric field gradients is formed. The lower phase singularity cannot be explained by the critical-point mechanism and therefore provides compelling evidence of the novelty of our finding.
Our data indicate that the phase-singularity mechanism is indeed involved in electrical activity resulting from proarrhythmic ICD shocks. However, point singularities resulted in self-sustained arrhythmias (Ͼ3 minutes) in only 10.7% of cases (12 of 112), whereas the remaining reentries selfterminated. In 24 cases we could clearly identify that the reentrant wave front propagated along a line of conduction block, turned around a pivoting point, and then self-terminated by encountering refractory tissue (see the example in Figure 4) . Therefore, the arrhythmia may halt spontaneously, as according to the CM hypothesis. However, it is important to note that our data cannot clearly identify which is the correct theory, because we did not look at the nonextinguished preshock fibrillatory electrical activity, and we could not map the electrical activity of the entire heart.
Both the CM and the ULV theories have their limitations. The CM theory does not specify exactly how the remaining VF will self-terminate, whereas the ULV theory fails to recognize the difference between depolarizing and hyperpolarizing voltage gradients and especially the boundaries between them. These boundaries are associated with the creation of phase singularities and may occur close to the electrodes, not far away, as postulated by the ULV hypothesis. Furthermore, neither hypothesis specifies exactly how fibrillatory electrical activity is extinguished at the cellular level.
Several basic mechanisms have been proposed to explain defibrillation at the cellular level: (1) prolongation of AP duration 6 and refractoriness, 24, 25 known also as graded responses, 26 and (2) reactivation of sodium channels 27 with possible subsequent break excitation. 14 Our optical data indicate that nearly all of these effects may be involved in defibrillation, at the same time, in different parts of the heart, in which extracellular field gradients of opposite polarity produce either inward or outward current sources. However, our data demonstrate that the success of the shock is related not solely to the degree of AP prolongation but rather to the homogeneity of postshock transmembrane polarization. Indeed, Figure 1 indicates that shocks that resulted in no postshock extra beats or arrhythmias prolonged the AP least of all (see green traces). Thus, their defibrillation efficacy is more likely related to the homogenization of the postshock phase distribution, because strong phase gradients may produce propagated responses via the break excitation mechanism.
14 The latter can form a reentrant circuit if a phase singularity is created in addition to the phase gradient.
Numerous basic and clinical studies have empirically identified certain monophasic and biphasic defibrillation waveforms that are relatively more efficient than others. 28 -30 Our data support a logical explanation for why a specific waveform may be better than others. We have shown that if the ratio between the leading-edge voltage of the second phase and that of the first phase is in the range of 0.2 to 0.7, then the shock creates a relatively homogeneous postshock transmembrane polarization and phasic pattern with no substrate for creating points of phase singularity. Therefore, we suggest that these waveforms will be the least likely to induce postshock arrhythmias via the virtual electrode-induced phase-singularity mechanism. Our results are consistent with defibrillation threshold measurements in humans. 31 The present study has several limitations. Mapping of electrical activity was confined to only a limited epicardial area. Therefore, we may have missed the induction of some other phase singularities that may have occurred beyond our field of view and at the endomyocardium and midmyocardium. Asynchronous measurements indicated that phase singularities are likely to occur at four sites around the RV electrode in areas where negative, positive, and no polarization meet. This is qualitatively similar to the theoretical prediction of Roth and Saypol, 32 who proposed the involvement of a VEP in the proarrhythmic response to a premature pacing stimulus applied at the vulnerable period of an AP. Their hypothesis was based on the interaction of stimulusinduced virtual electrode polarization and the preshock phase pattern. Our data indicate that a strong shock may overcome the preshock electrical activity and create phase singularities, regardless of the preshock phase distribution (see Figure 4) . Furthermore, unlike low-energy pacing, defibrillation shocks create VEPs comparable to the size of the heart. Therefore, additional areas of opposite polarization may be present, for example, at the septum. Thus, additional phase singularities may be generated.
The present study does not address the issue of the three-dimensional pattern of polarization. We can record averaged electrical activity from only a 500-m superficial layer of the epicardium. 33 However, our findings can be easily extended to a three-dimensional case. Reversal of negatively polarized areas should be easier than reversal of positively polarized patterns, presumably because of the involvement of different ionic currents at different levels of transmembrane polarization and therefore different levels of transmembrane impedance to the polarizing effects of the shock. Postshock propagation from depolarized to negatively polarized areas must occur in the three-dimensional case as well. The exact three-dimensional organization of the propagation pattern remains to be elucidated, perhaps by use of a bidomain simulation approach. Recent findings (E. Entcheva, J. Eason, I.R. Efimov, Y. Cheng, R.A. Malkin, F. Claydon, unpublished data, 1998) indicate that two-dimensional phase singularities and vortices in three dimensions may correspond to filaments of phase singularity and twisted and curved scrolls, respectively. The twisted shape of the filament is a result of the rotation of fiber orientation within the ventricular wall. Detection of the VEP on the epicardium suggests that these scrolls are likely to be transmural and therefore may evolve into stable three-dimensional sources of reentrant activity, as has been shown in mathematical simulations. 10 
